The bowing of edge dislocations from a row of collinear obstacles in Al is studied using concurrent atomistic-continuum simulations of submicron-sized realizations containing up to 238 million atoms. Results show that (1) as the number of adjacent bowed-out dislocation segments increases, the critical dislocation depinning stress approaches that for an infinite array of obstacles and (2) for the unstable overall semi-elliptic dislocation configuration, the presence of intermediate obstacles reduces the dislocation half-loop height, but doesn't affect the critical shear stress. Our work highlights the significance of the effects of adjacent bowed-out segments on cooperative dislocation bow-out.
Dislocation bow-out between pinning points is central to dislocation/obstacle interactions in crystalline materials [1] . Investigating the detailed process of dislocations bowing out and moving through a field of obstacles in metals aids in understanding the onset of flow through lattice, work hardening, and dislocation multiplication from Frank-Read sources [2] . Several modeling techniques, including molecular dynamics (MD) [3, 4] , dislocation dynamics (DD) [5, 6] , phase field method [7, 8] , and level set method [9] , have been employed to simulate dislocation bow-out. In most of these studies, only one dislocation segment bows out from an isolated pair of obstacles. In reality, obstacles are distributed randomly in pure metals and alloys, with an average spacing L of about 30-300 nm [10, 11] . Therefore, it is important to account for the effects of distributed bowed-out segments in modeling a given dislocation bow-out, in a way that considers both medium and long range elastic interactions as well as dislocation core effects.
Traditional dislocation bow-out analysis is based on dislocation line tension theory. Continuum dislocation theory predicts that the effective line tension of a curved dislocation segment is a logarithmic function of its initial distance L between two neighboring obstacles, namely, lnL [12] . In the presence of adjacent dislocation segments, however, the line tension of a given dislocation segment is altered [13] . Specifically, the negative interaction energy of a dislocation and its adjacent bowed-out segments reduces its line tension and hence lowers the critical stress required to bypass the obstacles [14] . This effect is particularly important for a dislocation line lying in a single slip plane and pinned by regularly spaced obstacles [14] . Simulations based on the dislocation self-stress show that, because of their opposite Burgers vector, the dipole-like attractive force between dislocation branches terminating on a given obstacle results in a "pinching" effect and facilitates dislocation bow-out [15, 16] . The role of adjacent dislocation segments becomes more important with a decreasing D/L, where D is the obstacle diameter [17] . In dislocation/obstacle interactions, dislocations that depin from adjacent obstacles aid in pulling the branches together and diminish the strengthening effect [18] .
Continuum models for dislocation/obstacle interactions apply to the dislocation bow-out process if the dislocation bypasses the obstacles following the Orowan bypass mechanism [19] . Most of these models assume that an infinitely long dislocation bypasses an infinite array of equally spaced obstacles. For obstacles with a finite size D, the term lnL is replaced by lnD by taking into account of the interactions between three closest dislocation branches, where [17] . Most simulations employ periodic boundary conditions (PBCs) along the dislocation line direction. In dislocation/precipitate interactions, Bacon et al. [17] included three precipitates in one simulation supercell with PBCs to represent an infinite row. Crone et al. [20] found that introducing additional voids beyond three doesn't show a significant influence on the critical depinning stress in dislocation/void interactions. Studies of a dislocation passing a random array of obstacles have been pursued using line tension models [21] [22] [23] and DD simulations [24] . Nevertheless, the effects of bow-out of other dislocation segments on the critical shear stress of a given dislocation bowout in an image-free model have not been explored quantitatively, to the best of our knowledge. In this paper, we perform quasistatic concurrent atomistic-continuum (CAC) simulations in the quasistatic, athermal limit to investigate edge dislocations bowing-out from a row of collinear cylindrical holes. A CAC simulation model, in general, contains an atomistic domain and a coarse-grained domain, in both of which the nucleation and propagation of dislocations and intrinsic stacking faults are permitted with a unified atomistic-continuum integral formulation [25] . In the coarsegrained domain, dislocations can pass between discontinuous elements [26] . Within each element, a finite element method with Gaussian quadrature is used to calculate the force/energy of the integration points and update the nodal positions, from which the positions of atoms inside the element are interpolated [27] . The coarse-grained description yields an accurate generalized stacking fault energy (GSFE) surface because the non-linear dislocation core structure/energy and Burgers vector are naturally accommodated [28] .
Previously, CAC was applied to model nucleation and growth of dislocation loops in Cu, Al, and Si [29] , dislocation-void interactions [30] in Ni, and dislocation-grain boundary interactions in Cu and Al [31] . The success of these calculations suggests the viability of using the CAC method to simulate cooperative dislocation bow-out in a sufficiently large model. Focus is placed on the critical shear stress and critical dislocation bow-out configuration -two important characteristics of the dislocation bow-out process. Face-centered cubic (FCC) Al is chosen because of its high stable SFE (≈146 mJ/m 2 ) and low elastic anisotropy index (≈ 1.21) [32] , which enables the simulation results to be compared with most isotropic continuum models that don't consider dislocation dissociation. The embedded-atom method (EAM) potential of Mishin et al. [33] is adopted because the evaluated GSFE is close to the experimentally measured value [34] . The post-processing follows our earlier work [28, 31] , where more details of the CAC approach are given. Some runs are completed using Comet and Bridges on the NSF Extreme Science and Engineering Discovery Environment (XSEDE) [35] . Fig. 1 (a) presents the simulation cell containing a row of 6 collinear cylindrical holes throughout the specimen along the z direction, which would potentially accommodate 5 dislocation segments between them. Full atomistic resolution is applied in the vicinity of holes such that the hole surface is at least 2 nm from the atomistic/coarse-grained interface; away from the holes, 3D rhombohedral discontinuous elements with surfaces corresponding to {111} slip planes are employed [26] . Within each second nearest neighbor element, piecewise continuous first order shape and interpolation functions are used; between elements, neither displacement continuity nor interelement compatibility is required [28] . The lattice orientations are x½112 , y[110], and z½111. With the lattice parameter a 0 = 4.05 Å, the simulation cell has a size of 300.59 nm by 297.22 nm by 45.49 nm; in all simulations, a uniform hole cross-sectional diameter on the x-y plane D = 2.81 nm is used. With a constant interhole ligament distance L = 5.61 nm, the number of initial dislocation segments n varies from 1 to 14, corresponding to a total ligament distance L ' =nL +(n − 1) D between the leftmost and rightmost holes of 5.61-115.07 nm. As a result, the model with only one dislocation segment of L has 108,163 elements and 1,200,322 atoms, with 2,065,626 degrees of freedom in total, compared with 238,834,433 atoms in an equivalent full atomistic model, which would be highly computationally intensive. Simulations containing only two holes distanced by L′ are also performed for comparison purposes, as shown in Fig. 1(b) . All boundaries of the simulation cell as well as the hole surfaces are traction free such that the spurious forces arising from periodic images are eliminated [36] . The image forces on the bow-out from all boundaries can be estimated as follows:
1. In computing the image forces, the image dislocations can be assumed straight [36] . 2. The image stresses arising from the surfaces normal to the x axis are stresses of a finite straight dislocation segment. Since the dislocation bow-out is collinear with but not on the image dislocations, the image stresses are zero according to Brown's formula [37] . 3. The net image shear stress on the dislocation bow-out from the image dislocations of the two surfaces normal to the y axis is [12] τ image zy
where μ is the shear modulus, b is the magnitude of the Burgers vector of the full dislocation b=(a 0 /2)[110], ν is the Poisson's ratio, l y + and l y − are the distances between the center-of-mass of the bowed dislocation and the surface whose outward normal vector is along the positive y and negative y directions, respectively. Initially, l y + =l y − =L y /2 where L y is the length of the simulation cell along the y axis; hence, τ zy image =0. In the extreme case, the dislocations bow out to a semi-elliptic shape such that the center-of-mass of the bowed dislocation is moved by 4L/(3π) from its initial position, resulting in l y + =148. 4. The image forces from the surfaces normal to the z axis don't have any components on the x-y plane, within which the dislocation bow-out takes place [12] . Indeed, the net image force is zero since the dislocations are equidistant from both surfaces. Straight edge dislocations are introduced on the mid-plane normal to the z axis by moving atoms/nodes inside the green lines in Fig. 1 by b, followed by energy minimization. Subsequently, a homogeneous shear stress τ zy is applied, with atoms in adjacent to the holes constrained within the x-y plane to exclude dislocation climb and cross-slip of screw segments; these processes don't accompany the dislocation bow-out under consideration here. We emphasize that in the initial configuration, no dislocation segments preexist beyond the leftmost and rightmost holes, unlike those for classical dislocation/obstacle interactions where an infinitely long dislocation and an infinite array of obstacles are introduced [38, 39] . The model employed in this work is specifically designed to study the effects of adjacent bowed-out segments on a given dislocation bowout, as well as whether, in terms of such effects, an increasing, finite number of obstacles would converge to an infinite number of obstacles.
To obtain the critical shear stress and critical dislocation configuration, we conduct quasistatic CAC simulations at 0 K with a constant increment of applied shear stress Δτ zy = 1 MPa, until the minimum stress for any of the critical events defined below is reached [40] . Two critical events are considered: (I) any dislocation is about to be detached from any hole surface ( Fig. 2(a) , at τ zy I ) and (II) all dislocations are about to be detached from all but the leftmost and rightmost holes (Fig. 2(b) , at τ zy II ). Clearly, τ zy I b τ zy II . In simulations containing only one dislocation segment of length L′, as shown in Fig. 1(b) , a critical event III is considered for which the bowed-out dislocation segment pinned on two holes continues growing until reaching the unstable overall semi-elliptic configuration (Fig. 2(c) , at τ zy III ). For each critical event, the stress τ c k = τ zy k − Δτ zy (k = I, II,or III) is taken as the critical shear stress [41] and the segment shape at the end of an energy minimization subject to τ c k is recorded as the critical dislocation configuration [20] . In particular for the critical event III, in the case of n = 1, we found that (1) as each element has a larger number of atoms, τ zy III becomes smaller, (2) the relative coarsegraining error of τ zy III for 2197 atoms per element is approximately 9.5%, with respect to the fully resolved atomistic simulation. Shear stresses τ c calculated in CAC simulations for critical events I and II are plotted in Fig. 2(d) with respect to the number of initial dislocation segments n. The calculated critical stresses τ c III for an isolated dislocation segment with length L′ to reach the semi-elliptic shape is also shown, where L′ is determined by n which is taken as the x axis. Also given in Fig. 2(d) are the continuum models for dislocation/obstacle interactions proposed by Scattergood and Bacon [18] and Crone et al. [20] , i.e.,
where A and B are parameters, and the dislocation core radius is r 0 = b. For edge dislocations bowing out between holes, A = 1 and B = 1.52 [18] . Note that both continuum models assume an infinite row of uniformly spaced obstacles with a ligament distance of L′ between two neighboring obstacles; in other words, the number of initial dislocation segments n → ∞.
For an isolated pair of holes distanced by L ′ (=L), namely, n =1, the critical shear stress τ c III lies between the predictions of Eqs. (2) and (3).
As n increases, both τ c I and τ c II decrease; for each n N 1 (equivalently,
This suggests that as long as dislocations are detached from all holes except the leftmost and rightmost ones (i.e., corresponding to the critical event II), they can always grow beyond the unstable overall semi-elliptic configuration. For the largest n of 14, τ c I and τ c II are 356 MPa and 382 MPa, respectively. Note that the relative errors arising from the image stresses are 0.205/356 = 0.057% and 0.205/382 = 0.054%, respectively; these are negligible. On the other hand, for the same interhole ligament distance L ′ (=L), the CMK model Eq. (3) (which assumes n → ∞) gives τ CMK = 342 MPa marked by the horizontal dotted line in Fig. 2(d) . The convergence of τ c I and τ c II to τ CMK for a larger n shows that an increasing number of obstacles indeed approaches an infinite array of equally spaced obstacles, as assumed in the continuum models. We emphasize that direct comparisons between simulations and continuum models should be made carefully. For example, critical shear stresses τ c III calculated by MD simulations [42] are found to fit Eq. (2). In Ref. [42] , however, (1) the periodic initial dislocation segments are not immediately adjacent to each other, (2) PBCs are adopted in all directions, and (3) the simulations are dynamical with inertial effects. All these issues potentially result in a higher critical stress compared with the quasistatic continuum models. On the other hand, Eq. (2) is known to overestimate the critical stress because of a number of significant simplifications in the model [20] , which is also demonstrated in our simulations in that the critical stresses for an isolated pair of obstacles surprisingly agree with Eq. (2) which assumes an infinite array of obstacles. Thus, the agreement with MD simulations doesn't necessarily suggest the accuracy of Eq. (2). In this paper, the above-mentioned issues in MD simulations are circumvented by performing quasistatic CAC simulations using sufficiently large models. Snapshots of dislocation configurations for the critical events I and II are shown in Fig. 3 . Subject to the critical shear stress τ c I , a dislocation segment is about to be detached from the 2 nd hole from the right in Fig. 3(a) ; its configuration is similar to an isolated pair of holes at τ c III (for L ′ = L). As the stress increases to τ c II , the dislocation pinned at the leftmost and rightmost holes is about to be detached from the 4 th hole from the left in Fig. 3(c) . By analyzing the intermediate configurations during energy minimization subject to τ c II , we find that dislocations are sequentially detached from holes in a random order, as shown in Fig.  3(b) .
We are also interested in exploring whether the presence of the intermediate holes in the middle influences the dislocation behavior following the critical event II. To calculate τ c III in models with collinear obstacles, the applied shear stress is first reduced to 10 MPa from τ c II after dislocations are detached from all intermediate holes; then an increment of shear stress Δτ zy = 1 MPa is added until the critical event III is observed. It is shown that the critical stresses are close to those in the case of an isolated pair of holes distanced by L′, which may reflect that the intermediate holes don't exert long range stress fields. In all cases, the coarse-grained domain in CAC retains one key signature of the bowed-out dislocation that the edge components have a larger stacking fault width than the screw components. The segments are nearly semi-elliptic in shape since a screw component is formed to lower the elastic energy [6, 15] . Moreover, because of the elastic anisotropy of the Shockley partial dislocations, the dislocation half-loop is asymmetric with respect to the y axis [43] . We remark that the kinks along dislocations have a size on the order of that of an element, which is illustrated as a red parallelogram in Fig. 4 . Clearly, element discretization is a source of coarse-graining error in the dislocation line energy. In this paper, we perform CAC simulations to explore the critical shear stress and critical dislocation configuration in the process of edge dislocations bowing out from a row of collinear, uniformly spaced cylindrical holes in FCC Al. It is demonstrated that (1) CAC simulations can explore cooperative dislocations bow-out in sufficiently large models at the submicron scale, (2) as the number of adjacent bowedout segments increases, the critical shear stress for dislocation depinning approaches that for an infinite array of collinear obstacles, and (3) for the unstable overall semi-elliptic dislocation configuration, the presence of intermediate obstacles doesn't influence the critical shear stress, but reduces the dislocation half-loop height.
Future work includes applying CAC to more realistic models with obstacles that are non-equidistant, randomly distributed, or with long range stress fields, e.g., forest dislocations. We remark that if the dislocation continues to grow, beyond the critical configuration shown in Fig. 4 , it will wrap around and interact with the holes. Such interactions, i.e., void hardening [44] , will be addressed in a future study that is focused on work hardening behavior that results from dislocation-void interactions. Fig. 3 . Snapshots of dislocation configurations at the critical events I and II, as well as an intermediate stage. The green curves represent Shockley partial dislocations identified by a dislocation extraction algorithm [45] ; the gray ribbons are intrinsic stacking faults. In (a) and (c), dislocations are about to be detached from the holes marked by solid brown lines. The critical dislocation configuration for an isolated pair of holes distanced by L′(=L) at τ c III is given at the top right corner of (a). The kinks along dislocations have a size on the order of that of an element, which is illustrated as a red parallelogram. Fig. 4 . Snapshots of dislocation configurations at the critical event III in the case of 9 adjacent initial dislocation segments (leading and trailing Shockley partials are shown in green) and the case of 1 isolated initial segment with length L′ (both partials are in blue). Dislocations and stacking faults are identified in the same way as in Fig. 3 . The dislocation half-loop heights H′ and H′′ are about 0.75L′ and 0.5L′, respectively.
